• Pre-grinding and integrated screening is a way of guaranteeing fuel quality, but, when the stumps' ash content is six per cent or below, the procurement costs are higher than with grinding of stumps at the plant. Because of high transportation costs, stump harvesting is the most profitable in Southern Finland, where there is greater availability of stumps than in Northern Finland.
Introduction

Energy strategy and forest chips resources
In 2007, the Council of Europe accepted the proposal of the European Commission that the EU member countries should produce 20% of their energy using renewable sources by the year 2020. Each member country has its own target, and in Finland, the EU obligates an increase in the share of renewable energy sources in energy consumption from 28.5% to 38% by the year 2020 (Valtioneuvosto 2008) . The Finnish long-term climate and energy strategy assigns wood-based energy an important role in achieving this goal, and the most important means of increasing the consumption of wood for energy in the future is the utilization of forest chip resources. Currently, processing residues from the forest industry are the most important source of wood-based fuels, but these by-products can be considered to be fully utilized at the present time . According, for example, to Laitila et al. (2008a) , the technically harvestable annual residual forest biomass potential for energy was 15.9 million m 3 (solid). The technically harvestable potential consisted of 6.9 million m 3 of whole trees from early thinning, 6.5 million m 3 of logging residues from final fellings, and 2.5 million m 3 of spruce stumps from final fellings.
The Ministerial Working Group of the Finnish Government for climate and energy policy has set the target that 13.5 million solid cubic meters of forest chips -that is, logging residues and stumps from final fellings and small trees from early thinning -will be used for energy in 2020 (Työ-ja elinkeinoministeriö 2010). In the year 2013, Finnish heating and power plants consumed 18.7 million m³ of wood fuels, of which 8.0 million m 3 comprised forest chips . About 44% of these forest chips were made of small diameter thinning wood produced in the tending of young stands, and 34% was produced from logging residues in final felling. The share of the stump and root wood was 15%, while 7% of forest chips were produced from large and rotten roundwood ). In addition, about 0.7 million m 3 of forest chips are used annually to heat small-sized dwellings, including farms and both detached and terraced houses .
The recovery of logging residues from final fellings is more cost-competitive than harvesting small trees from early thinnings and stumps from final fellings (Ryymin et al. 2008; Laitila et al. 2010a; . The difference in the production cost is caused by the high cost of cutting small trees and extracting stumps, whereas in off-and on-road transportation, as well as in comminution, the cost differences between logging residues, stumps, and energy wood from thinnings are rather small (Ryymin et al. 2008; Laitila et al. 2010a) . Small stem sizes, low removals per hectare, dense undergrowth, and difficult terrain on the harvesting site all result in low productivity and high logging costs in early thinnings (Kärhä et al. 2005; Kärhä 2006; Laitila 2008; Oikari et al. 2010; Belbo 2010; Belbo 2011; Petty and Kärhä 2011) . The value of raw material can also be low in relation to logging costs (Sirén and Tanttu 2001; Jylhä et al. 2010; Jylhä 2011) . In the long term, neglect of thinnings will backfire, increasing the natural drain and slowing both diameter growth at stand level and the forest-owner's flow of income. Therefore, early thinning operations are subsidized for silvicultural reasons, which enables the energy wood harvesting activities for energy production (Ahtikoski et al. 2008; Petty and Kärhä 2011 ).
Procurement of stumps and delimbed stems for fuel
Coniferous rootstock is considered to be a promising energy source because it contains higher concentrations of the energy-rich component lignin and extractives than stem wood (Hakkila 1975; Hakkila 1976; Hakkila 1989; Nurmi 1997; Eriksson-Näslund and Gustavsson 2008; Berg 2014) . Norway spruce (Picea abies) is the most interesting species for stump harvesting, because it is easier to harvest and clean than Scots pine (Pinus sylvestris) (Nylinder 1977; Hakkila 2004) . Impurities in the harvested stumps are a quality problem, as the stumps and roots usually include some rocks and soil (Spinelli et al. 2005; Laitila et al. 2010a; Laurila and Lauhanen 2010; Anerud and Jirjis 2011; Anerud 2012; Anerud et al. 2013) . The effective heating value of wood biomass is the main parameter defining its quality as fuel. In addition to moisture content, ash content is one of the major factors decreasing the calorific value of the stump wood, and high levels of mineral contaminants can also affect ash melting behavior during combustion, leading to sintering and drift problems (Anerud and Jirjis 2011; Anerud et al. 2013) . Low profitability, together with uncertainty about fuel quality, hampered earlier attempts to use stumps as fuel, both in Finland and Sweden (Hakkila 2004; Björheden 2006) .
The stumps are uprooted and split using a tracked excavator, and impurities are shaken off by the crane movements Lazdins et al. 2009; Lindroos et al. 2010; Athanassiadis et al. 2011; Tolosana et al. 2011; Kärhä 2012; Berg et al. 2012; Czupy and Horvath-Szovati 2013; Berg et al. 2014; Berg 2014) . Shaking off the impurities from the extracted stumps take a relatively large proportion of the excavator's working time, and stump shaking by the crane movements also causes stress to the driver (Laitila 2008; Kärhä 2012) . However, despite this time-consuming cleaning process, the considerable variations in contamination levels result in widely varying concentrations of ash being reported. For example, Anerud and Jirjis (2011) have reported ash content ranging between 2% and 7% for freshly ground stumps, and in the study by Nuutinen et al. (2013) , the ash content of seasoned stumps was 13%. In the study by Korpinen et al. (2007) , the ash content of the hog fuel samples varied from 1% to 24%, and, for most samples, the ash content was below 10%. In truck transporting of split stumps, Palander et al. (2011) have reported fallen contaminant amounts of 2200 kilos per road-trip at the bottom of the load space, when transporting split stumps from the roadside landing to the terminal or combine heat and power (CHP) plant.
Harvesting as delimbed stems from thinnings is increasing due to better chip quality and transport economy compared to whole tree harvesting (Laitila and Väätäinen 2012; Laitila 2012; Torvelainen 2014) . Harvesting of delimbed stems is a promising way to simplify procurement operations (Laitila 2012) , and it has been estimated that the role of comminuting at the plant in the production of chips from small-sized thinning wood will increase in the future (Kärhä 2011) . Compared to fuel chips made of logging residues or stumps, the quality of thinning wood chips is significantly higher. Delimbed material produces uniform fuel stock devoid of needles, branches, and mineral soil contaminants, which may be a significant benefit at some power plants (Nurmi and Hillebrand 2007) .
In Finland, the majority of stumps are ground either at the plant or at terminals with heavy and often stationary grinders (Strandström 2013) . The transportation of stumps calls for a special biomass truck with a solid bottom and side panels, and economical transport distances are short, owing to the small potential payloads (Ranta and Rinne 2006; Palander et al. 2011; Wolfsmayr and Rauch 2014; Eriksson et al. 2014a; Eriksson et al. 2014b) . Recently, effective mobile grinders suitable for the comminution or pre-comminution of stumps at roadside landings have been introduced (von Hofsten and Granlund 2010; Kärhä et al. 2011b; Nuutinen et al. 2014) , and there are also grinder units capable of integrated grinding and screening of stump wood for fuel at roadside landings (Laitila and Nuutinen 2015) . The truck-or semitrailer-mounted grinder is used in a similar manner to mobile chippers in the chipping of logging residues and small-diameter trees (Asikainen 2010) . The grinder moves from landing to landing, with the comminuted material transported to the end-user by standard truck-trailer units (Asikainen 2010) . Systems based on comminution at the landing increase the payload of trucks, since the comminuted material is less bulky, and thereby reduce transport costs (Eriksson et al. 2014a; Eriksson et al. 2014b) . Screening also reduces the amount of fine material contaminants at the source and increases the quality of the produced fuel (Eriksson et al. 2013; Dukes et al. 2013; Laitila and Nuutinen 2015) . Thanks to screening, an ash content of 0.4-2.3% for ground stumps has been reported, while the wood-matter losses have been rather nominal (Laitila and Nuutinen 2015) .
Aim of the study
Bulky stumps can be pre-processed, comminuted, and transported in different ways, and if the system is analyzed properly, it can reduce the supply costs, improve quality, and help deliver fuel at a more competitive price. The aim of this study was, at regional level, to evaluate the cost competitiveness of various systems for stump transportation and grinding, and to compare the results to the procurement costs of delimbed stems. The accumulation and procurement costs of stumps and delimbed stems were estimated within a 100-kilometer radius from two power plants located in Kouvola in South Finland, and in Kajaani in North Finland. The analyses were performed as simulated treatments in clear cuts and thinnings of young stands, using existing productivity and cost functions, alternative ash percentages for stump wood, and yield calculations based on the forest industry stand data and the sample plots data of the National Forest Inventory of Finland (cf. Ranta 2002; Laitila et al. 2010b; Laitila 2012) . The results were expressed as Euros per solid cubic meter (€ m -3 ) and Euros per megawatt hour (€ MWh -1 ). In this study, the comparison of the alternative supply chains and raw materials started with organizing the procurement activities; continued onto the logging, comminution, and transportation; and ended with delivery of the fuel chips to the end-user. Subsidies and stumpage prices were excluded from consideration in the study.
Material and methods
Productivity and cost parameters of the procurement system
The production stages of supply chains of this study are demonstrated in Fig. 1 . It was assumed that a conventional harvester-forwarder chain was used in logging operations in early thinning, and harvesting stumps from clear cuts was based on the excavator-forwarder chain. The delimbed stems were transported to the end-use facility using a conventional timber truck, and comminuted with a stationary grinder. For stumps, there were three options: 1) grinding to an acceptable fuel fraction at the landing, 2) pre-grinding and sieving at the landing and final comminution at the end-use facility, or 3) transporting harvested stump with a biomass truck for comminution at the end use facility (Fig. 1) . The organization cost, 2.5 € m -3 , which corresponds to the average organization cost of industrial roundwood procurement in Finland (Strandström 2014) , was set as constant for all raw materials and supply chains in this study.
The productivity of cutting delimbed stems using the multi-tree processing technique was based on the study of . The stump extraction was modeled with a crawler excavator equipped with an extraction device (Laitila et al. 2008b) . Forwarding productivity with delimbed stems was calculated by means of the model of Kuitto et al. (1994) , and the forwarding productivity for split stumps was obtained from a study by Laitila (2010) . The payloads (Table 1) were set in line with the work of Laitila et al. (2010a) . The gross effective time (E 15 h) coefficients (Table 1) for cutting, forwarding, and stump extraction were based on research by Jylhä et al. (2010) and Laitila et al. (2010a) . The total length of the strip road network at the thinning stand was assumed to be 600 m ha -1 , based on an average strip road spacing of 20 m (Niemistö 1992) . At stump harvesting sites, the strip road network was assumed to be 450 m ha -1 due to pre-piling of stumps during stump extraction (Laitila 2010) . The hourly cost data of forest machines are described in Table 2 .
The delimbed stems were transported to the plant using a conventional timber truck with a trailer (Laitila et al. 2009; Laitila and Väätäinen 2011) , assuming a payload of 67 m 3 , which corresponds to a novel truck-trailer unit having a legal maximum weight of 76 tonnes (Anttila et al. 2012) . The ground and pre-ground stump wood were transported from the roadside landing to the end-use facility using a semitrailer with a load space of 95 m 3 . The payload of the ground stump wood was 27 m 3 , and for the pre-ground stump wood the payload was 25 m 3 (Nuutinen et al. 2014; Laitila and Nuutinen 2015) . Split stumps were transported to the end-use facility using a biomass truck with a 150 m 3 load space and a payload of 32 m 3 (Ranta and Rinne 2006; Kärhä et al. 2011a; Palander et al. 2011) . The time consumption of driving, with full load and empty load, was calculated as a function of transportation distance, according to the speed functions of Nurminen and Heinonen (2007) . The hourly cost data of vehicles are described in Table 3 and payload parameters in Table 1 . The loading time for ground and pre-ground stumps (Table 1) is linked to grinders operating hour productivity (E 15 h). When using the fast-speed grinder, the loading time was estimated be 54 minutes per load, and with low-speed grinder the pre-grinding time was 44 minutes per load (Nuutinen et al. 2014; Laitila and Nuutinen 2015) . The unloading time at the delivery hopper of the CHP plant or to the stationary grinder of the plant was 27 minutes per semitrailer load for both ground and pre-ground stumps (Table 1 ). The loading time of delimbed stems (Table 1) was estimated to be 50 minutes at the roadside landing, and the unloading time (Table 1) to the delivery hopper of the CHP plant stationary grinder was 37 minutes per load (Laitila et al. 2009; Laitila and Väätäinen 2011) . For split stumps (Table 1) , the loading time at the roadside landing was 62 minutes, and the unloading time to the stationary grinder was 56 minutes per load (Ranta and Rinne 2006; Kärhä et al. 2011a; Palander et al. 2011) .
The grinding productivity of delimbed stems and split stumps at the end-use facility with the stationary grinder was estimated to be 180 loose-m 3 E 15 h -1 and with pre-ground stumps 270 loose-m 3 E 15 h -1 (Rinne 2010; Kärhä et al. 2011a ). The solid percentage of acceptable fuel fraction was estimated to be 28% (Nuutinen et al. 2014) , which means that the grinding costs (Table 1) were 2.8 € m -3 for stumps and delimbed stems, and 1.9 € m -3 for pre-ground stumps, when the operating-hour cost of the stationary grinder was 140.3 € E 15 h -1 (Table 2 ). The pre-grinding and grinding costs (Table 1) of stumps were 5.4 € m -3 and 7.1 € m -3 , with corresponding hourly costs of 185.2 € E 15 h -1 and 213.8 3 € E 15 h -1 for low-and fast-speed grinders (Table 2 ) and the abovementioned loading times per semitrailer load at the roadside landing (Table 1) .
Hourly cost calculations of machines and vehicles
The operating costs (excluding a value-added tax) of the machines and vehicles (Tables 2 and 3) were calculated per gross effective hour (E 15 h) using the common machine cost calculation method (e.g. Harstela 1993; Ackerman et al. 2014) , and the costs are presented in Euros (€). The costs included both time-dependent costs (e.g. capital depreciation, interest expenses, labor costs, insurance fees, and administration expenses) and variable operating expenses (e.g. fuel, repairs, service, and machine transfers). In addition to the annual total cost, 5% was added to take into account the risk of entrepreneurship for grinders, and 3% for conventional machines and vehicles. Capital costs were calculated using an interest rate of 4%. The calculation values, for example, for labor costs, fuel, insurance fees, repairs, and service expenses were obtained from Koneyrittäjien Liitto ry (the Trade Association of Finnish Forestry and Earth Moving Contractors) and Metsäalan Kuljetusyrittäjät ry (the Association of Forest Industry Road Carriers). Average prices of machines and vehicles were obtained from the manufacturers.
Estimation of the potential supply of delimbed stems and stumps
The estimated accumulation of forest chips from young forests around the cities of Kouvola and Kajaani (Fig. 2) was based on sample plot data from the 9th Finnish National Forest Inventory (NFI9), and satellite images and other auxiliary data were used to down-scale the data from forestrycenter level to municipality level (Tomppo et al. 1998 ). Calculations of forest-chip resources were made for the young thinning stands (dominant height > 7 m, dbh 8-16 cm) needing improvement in thinning within the first five-year period. The area that an NFI sample plot represents in a certain municipality and stand development was calculated according to the methodology described earlier by Laitila et al. (2010b) . This existing stand data was evaluated to be valid to use in procurement cost calculations, since major changes in the composition of stands were not going to happen. The removal of stem wood was calculated for each sample plot by simulating the thinning of a young stand according to silvicultural guidelines (Metsäkeskus Tapio 1994) . In the simulation, trees tallied to the plot were first sorted by diameter. Starting from the smallest tree, trees were harvested until the basal area of the remaining trees reached the recommended basal area after thinning. The volume of the removed stems was then totaled. Trees with a dbh of more than 9.5 cm were classified as industrial roundwood, while those with a dbh of less than 9.5 cm and more than 4 cm were classified as energy wood. Trees of less than 4 cm dbh were not included in the total accumulation. In the total accumulation, trees were not classified as industrial roundwood or pure energy wood, because all trees were harvested for energy when the maximum allowable removal of industrial roundwood was less than 25 m 3 per hectare and the minimum accumulation of timber fraction was 25 m 3 or more per hectare. The bucking and bolt volume of the delimbed stem wood was calculated as a function of tree species, as were the average height and dbh of trees in the NFI sample plot. For the usable stem part, the minimum top diameter was 4 cm and the length 3-5 meters. The bucking simulation and volume calculation for the NFI sample plots were done using the Excel-based ComBio-program (Pasanen et al. 2014) . With ComBio, the calculation was based on the taper curve models by Laasasenaho (1982) .
The calculations of transportation distances of delimbed stems, via the existing road network, to Kouvola and Kajaani, were based on GIS analysis and databases of forestry companies from the year 2000 (Asikainen et al. 2001; Laitila et al. 2010b ). The transportation distance from municipality x to Kajaani/Kouvola was the average transportation distance from the felling stands of municipality x. The average transportation distance varied from 6 to 100 kilometers around Kouvola (mean 71 km), and from 19 to 100 kilometers around Kajaani (mean 79 km). For the procurement cost calculation, the average forwarding distance in each municipality was also calculated in a similar way for each municipality. Around Kouvola, the forwarding distances varied between 100 and 350 meters (mean 219 m), and around Kajaani between 115 and 350 meters (mean 243 m). The basic stand data of delimbed stems is collected in Table 4 .
The supply potential calculations of stump biomass were based on a UPM Forest database of regeneration fellings from the year 2002. This data was evaluated to be valid to use in procurement cost calculations, since major changes in neither the volumes of felling areas nor the composition of stands were going to happen. The stand data included position data and attribute data of stands, such as felled roundwood volumes by tree species, felling time of the year, forwarding distance, average stem volume, and felling area. The radius of the procurement area via the existing road network was 100 kilometers in Kajaani and Kouvola (Fig. 2) , and distances from stands to the CHP plant were calculated with the GIS application (cf. Ranta 2002) . The transportation distances from stands to the CHP plant varied from 6 to 100 kilometers around Kouvola (mean 70 km), and from 4 to 100 kilometers around Kajaani (mean 60 km). The variation in the forwarding distances was 50-1000 meters for stands around Kajaani (mean 246 m), and 30-950 meters around Kouvola (mean 259 m).
The stump and root wood volumes at the stands were estimated to be 28% of the total volume of spruce and pine roundwood, and the recovery rate of conifer stumps was 95% (Laitila et al. 2008a ). The estimation of the average breast height diameter at the stand was based on the average stem volume of industrial roundwood and the taper curve models of Laasasenaho (1982) , and the average breast height diameter was further converted to stump diameter by the coefficient 1.33 (Hakkila 1976) . Stump volume for procurement cost calculations was determined from stump diameter using stump mass models from Hakkila (1976) and basic densities of stump wood (Hakkila 1975) . Stump volume was further increased by a coefficient of 1.17, since Hakkila's mass model excluded roots with a diameter of less than 5 cm. The coefficient used is based on operational observations of the yield of stump wood from harvested stands (Hakkila 2004) . Some of the stands were restricted from further calculations based on stand selection criteria. These criteria were:
• Removal of stumps at the stand is ≥ 40 m 3 and the area of the stand is ≥ 1 hectare.
• Spruce dominates. The volume of spruce roundwood at the stand is ≥ 55%.
After selection, the number of stump harvesting stands was 297 in Kajaani and 560 in Kouvola. The basic stand data of stumps is collected in Table 4 .
Fuel-property parameters
The net calorific value (at constant pressure) as received (the moist chips) was calculated from a net calorific value of the dry and ash-free, according to the following equation (Alakangas 2005) : = the ash content on a dry basis 0.02443 = the correction factor of the enthalpy of vaporization at 25 °C Basic densities (kg m -3 ) for stumps and delimbed stems were used according to Hakkila (1978) by tree species. Correspondingly, tree species-specific net calorific values of dry matter (MJ kg -1 ) were used according to Nurmi (1993) for stem wood, and for conifer stumps values from Hakkila (1978) were used. Moisture content of 31% was used for stumps (Laurila and Lauhanen 2010) and moisture content of 40% for delimbed stems (Hakkila 1989; Nurmi and Hillebrand 2007; Laurila and Lauhanen 2012; Laitila 2008; Nuutinen et al 2014) . Moisture content was held constant within each system during availability and procurement cost calculations.
Handling, transportation, and screening of stump material tends to lower the contaminant content (Korpinen et al. 2007; Laitila et al. 2008; Athanassiadis et al. 2011; Anerud and Jirjis 2011; Palander et al. 2011; Anerud 2012; Kärhä 2012; Fogdestam et al. 2012; Dukes et al. 2013; Anerud et al. 2013; Nuutinen et al. 2013; Eriksson et al. 2013; Eriksson et al. 2014a; Eriksson et al. 2014b; Berg 2014; Laitila and Nuutinen 2015) . When stumps are ground directly to an acceptable fuel fraction at the landing, the amount of upgrading vibration is the lowest and the ash content of ground stump material is the highest. Ash contents of 18%, 12%, and 6% were assumed for system: 1) grinding to an acceptable fuel fraction at the landing. Respectively, ash contents of 6% and 1.5% were assumed for system: 2) pre-grinding and sieving at the landing and final comminution at the end-use facility, and ash contents of 12%, 6%, 1.5% for system: 3) transporting harvested stump using a biomass truck for comminution at the end-use facility. Delimbed stems were considered to be free of adhering contaminants. The validity of alternative ash content values for sensitivity analyses of supply chains was verified via an extensive literature review and discussions with wood-fuel managers of procurement organizations and power plants.
Results
Harvesting potential of stumps and delimbed stems
The availability analysis attested that, around Kajaani, the technical harvesting potential of stumps was 54 399 m 3 and the harvesting potential of delimbed stems was 267 516 m 3 per year. Correspondingly, in Kouvola, the harvesting potential was 84 136 m 3 for stumps and 294 721 m 3 for delimbed stems. The energy content of the delimbed stems was 599 673 MWh per year in Kajaani and 643 560 MWh per year in Kouvola (Fig. 3) . The energy content of stumps around Kajaani was 124 734-97 353 MWh per year, depending on the ash content of ground stump material, and correspondingly 192 986-150 691 MWh per year around Kouvola (Fig. 3) . Fig. 3 . The technical harvesting potential of delimbed stems and stumps for fuel (MWh per year) around the cities of Kajaani and Kouvola, when using alternative contaminant contents for ground stumps.
Cost structure of fuel chips
The procurement cost of fuel chips at stand level varied from 27.4 to 31.9 € m -3 at the plant, depending on the supply chain and raw material used (Fig. 4) . The cost calculations were made for stands where harvesting conditions corresponded to the average harvesting conditions around Kouvola (Table 4 ). The supply chain based on grinding stumps at the plant was the most cost-efficient, while the procurement of delimbed stems was the most expensive, when costs were expressed as Euros per solid cubic meter (€ m -3 ). The supply chains based on two-phase grinding or direct grinding of stumps were at the same procurement cost level, and the difference was just 0.3 € m -3 (Fig. 4) . The cutting costs of delimbed stems (16.6 € m -3 ) were more than 60% of total procurement costs, and forwarding costs (6.5 € m -3 ) were about 25%. The harvesting cost of stumps at the roadside landing was the same for all three supply chains. The cost of splitting and uprooting stumps was 8.1 € m -3 and the cost of stump forwarding was 6.1 € m -3 (Fig. 4) .
The procurement cost comparisons of the supply chains and raw materials were calculated as a function of the on-road transportation distance (1-150 km) in Fig. 5 . The stand conditions and cost parameters were similar to Fig. 4 , and costs were expressed as Euros per solid cubic meter (€ m -3 ). The supply chain based on grinding stumps at the roadside landing was the most cost-effective system for all transportation distances (Fig. 5) . The procurement costs of fuel chips made of delimbed stems were lower for supply chains based either on two-phase grinding or direct grinding of stumps, when the transportation distance was more than 93 km or 78 km (Fig. 5) . The procurement cost difference between supply chains based on either two-phase grinding or direct grinding of stumps was 0.12 € m -3 when the transportation distance was 15 kilometers, and the cost difference favoring direct grinding of stumps at the roadside landing grew to 0.7 € m -3 when the transportation distance was 150 km (Fig. 5) .
The independent variables for uprooting productivity with stumps and for cutting productivity with delimbed stems were the volume of harvested stumps/stems (dm 3 ) and the number of harvested stumps/stems per hectare (Laitila et al. 2008b; . For forwarding productivity, the independent variables were the cutting/uprooting removal per hectare (m 3 / ha) and forwarding distance (Kuitto et al. 1994; Laitila 2010) . The harvesting productivity and cost were determined for the whole stand data in the procurement areas of Kouvola and Kajaani (Figs. 6, 7 and 8) . The average productivity and cost values for cutting, uprooting, and forwarding in the procurement areas are presented in Table 5 .
Procurement costs of stumps and delimbed stems for energy
The harvesting costs at the sample plots of NFI and regeneration fellings were calculated using the productivity models and cost parameters described above. The transportation costs were calculated as a function of transportation distances from stands in the procurement area to Kajaani and Kouvola. The standwise procurement costs of fuel chips at the Kajaani and Kouvola plants were calculated, totaling the harvesting, comminution, transportation and overhead costs of stumps and delimbed stems. The accumulation and procurement cost data of fuel chips were summarized, and data was sorted according to the procurement costs for each classification and supply chain. The cumula- Table 5 . Productivity and cost values for cutting, uprooting, and forwarding in the procurement areas of Kajaani and Kouvola. The abbreviation SD = standard deviation.
Kajaani Kouvola
Average cutting productivity for harvested delimbed stems, m 3 E 15 h -1 5.1 (SD 1.0) 5.1 (SD 1.3) Average cutting cost for harvested delimbed stems, € m -3 20.8 (SD 3.9) 21.0 (SD 4.8) Average forwarding productivity for harvested delimbed stems, m 3 E 15 h -1 11.9 (SD 0.9) 12.3 (SD 0.9) Average forwarding cost for harvested delimbed stems, € m -3 6.9 (SD 0.5) 6.6 (SD 0.5) Average uprooting productivity for harvested stumps, m 3 E 15 h -1 7.6 (SD 1.5) 9.2 (SD 0.9) Average uprooting cost for harvested stumps, € m -3 10.8 (SD 2.6) 8.6 (SD 1.1) Average forwarding productivity for harvested stumps, m 3 E 15 h -1 12.7 (SD 2.2) 12.9 (SD 2.3) Average forwarding cost for harvested stumps, € m -3 6.6 (SD 2.2) 6.5 (SD 1.4) Fig. 6 . The procurement cost of fuel chips around Kajaani when using alternative supply chains and alternative contaminant contents for ground stumps, as a function of harvesting potential.
tive accumulation of fuel chips at marginal procurement cost was calculated for alternative supply chains, and the cost at plant was expressed as Euros per megawatt hour (€ MWh -1 ), according to the fuel-property parameters of stumps and delimbed stems (Figs. 6, 7 and 8) .
The supply chain based on grinding stumps at the plant with a speculative ash content of 1.5% was the most cost-efficient procurement method, both in Kajaani and Kouvola, when the annual procurement of fuel chips was 100 000 MWh (Figs. 6 and 7) . Harvesting of delimbed stems was the second best procurement option in Kajaani (Fig. 6) , and grinding of stumps at the plant with an ash content of 6% was the second best option in Kouvola (Fig. 7) . In Kajaani, the next best options were grinding of stumps (ash 6%) at the plant and pre-grinding of stumps (ash 1.5%) at the roadside landing (Fig. 6) . Correspondingly, in Kouvola, pre-grinding of stumps (ash 1.5%) at the roadside landing was the third most cost-competitive option and the procurement of delimbed stems was the fourth most cost-competitive option (Fig. 7) . Due to high contaminant content, the supply chain based on direct grinding of stumps at the roadside landing was considered to be the least cost-competitive, both in Kajaani and Kouvola (Figs. 6 and 7) .
The procurement cost of stumps in Kouvola were about 1 € MWh -1 lower compared to Kajaani, when using conceivable ash content of 6% for stumps ground at the plant and ash content of 1.5% for stumps pre-ground at the roadside landing (Fig. 8) . The procurement cost of delimbed stems from first thinnings was similar in Kajaani and Kouvola (Fig. 8) . The procurement costs of stumps were, on average, 0.55 € MWh -1 lower compared to delimbed stems in Kouvola, and on average 0.6 € MWh -1 higher in Kajaani (Fig. 8) . Around Kouvola, stumps were remarkably bigger (Table 4 ) and availability was higher (Fig. 3) compared to Kajaani. Transportation costs of stumps are higher (Figs. 4 and 5 ) compared to delimbed stems, which favors stump harvesting in regions where the availability of stumps is high and transportation distances comparatively short.
Discussion
In this study, the comparison was made at the stand level or regional level, which meant that the normal fluctuation of interactions, for example, in cutting, stump lifting, forwarding, comminuting, transporting, and receiving fuel chips at the plant were not considered. The fluctuation of interactions directly affects the degrees of utilization of machines and vehicles, and also the number of machines and vehicles required. Several forest technology studies have noted that interactions leading to waiting and queuing result in increased costs (e.g. Asikainen 1995; Talbot et al. 2003; Väätäinen et al. 2005; Spinelli and Visser 2009; An and Searcy 2010; Asikainen 2010; Holzleitner et al. 2013; Belbo and Talbot 2014; Eriksson 2014a; Eriksson 2014b) . For example, in the cost of comminution and transportation, the bias varies between 10-20% (Asikainen 1995; Asikainen 2010) , depending on the transportation distance if the interactions of comminution and transportation capacity are not considered. In order to get more realistic information on the real-life situation, discrete-event modeling of procurement systems in the prevailing operating environment are required (Asikainen 1995; Talbot et al. 2003; Asikainen 2010; An and Searcy 2010; Belbo and Talbot 2014; Eriksson 2014a; Eriksson 2014b ). The statistic model does not take random impacts into considerations and therefore yields more optimistic results than the dynamic simulation model does (Asikainen 2010) . When the imbalance becomes larger, the results produced by the static and the dynamic model converge. Systems wherein the individual operations are independent of each other are more predictable.
Reliable knowledge of energy wood resources and procurement costs is needed when planning new plant investments (Möller and Nielsen 2007) or making decisions on both strategic and operational levels (Rauch 2013) about raw materials or supply chains. In this study, by using the sample plot data of NFI and stand data of regeneration fellings, it was possible to perform a detailed regional plant-specific fuel chip procurement cost and availability analysis when using alternative raw materials and supply chains. The calculation method enabled the use of time consumption functions for different production stages, linked with worksite and fuel quality factors for different supply chains. The results of this study concerning the factors affecting the productivity of the procurement systems were logical, and the results concerning the procurement costs of fuel chips were reasonable, when using supply systems based on comminuting at the plant. In smaller plants, due to small grinding volumes, the construction of a stationary grinder is not economically feasible.
The productivity figures for stump extraction and splitting (Laitila et al. 2008b) in harvesting environments in the vicinity of Kajaani and Kouvola are similar to values from parallel stumplifting research in Finland and Latvia (Lazdins et al. 2009; Laitila 2010; Kärhä 2012) . Athanassiadis et al. (2011) found lower productivity levels than in the study reported upon here, but the difference can be explained by operator experience in lifting work and efficiency in cleaning and splitting of uprooted stumps (Laitila 2010; Kärhä 2012) . Several studies have shown that the operator is the factor with the most significant effect on harvesting productivity (e.g. Sirén 1998; Ovaskainen 2009; Lindroos 2010; Purfurst 2010; Palander et al. 2012) . Productivity for cutting of delimbed stems with a multi-tree processing technique was slightly higher in the study of than productivity values obtained in the parallel Finnish research (Rieppo and Mutikainen 2011; Kärhä et al. 2011c; Kärhä et al. 2011d ). Relative to cutting productivity with whole trees (Kärhä 2006; Di Fulvio et al. 2011) , productivity in cutting of delimbed stems ) was slightly lower.
The productivity parameters for pre-grinding and grinding at the roadside landing (Nuutinen et al. 2014; Laitila and Nuutinen 2015) were similar to those in parallel Finnish and Swedish studies using identical grinding machinery (Kärhä et al. 2011b; Eliasson et al. 2012) . Mobile comminution of stumps is under continuous development, and novel published studies of ground stump transport are limited (cf. Nuutinen et al. 2014; Laitila and Nuutinen 2015) . In a Swedish discrete-event simulation study (Eriksson 2014a; Eriksson 2014b) , the values used were 35% solid volume for ground and pre-ground stumps and 20% for split stumps. The corresponding values used in our study were 28% for ground stumps, 26% for pre-ground stumps, and 21% for split stumps. According to Uusvaara and Verkasalo (1987) , the solid volume content of ground wood payloads is about 10% lower than that of wood chip payloads. The lower compactness is due to the belt conveyer line of grinders and shredders, which is not able to compress during loading as well as chippers equipped with a blower or thrower can (e.g. Uusvaara and Verkasalo 1987) . The low compactness decreases the per-truck payload and results in higher costs in longdistance transport. Ground stumps are dry material, so the loads are limited by volume rather than weight.
In the Swedish discrete-event simulation study (Eriksson et al. 2014a) , for a distance of 10 km, transportation of split stumps produced the lowest cost for procurement of stumps for fuel. For distances of 30 km to 70 km, stand size determined whether to comminute or not before transport. For longer distances, grinding before transport proved to be necessary (Eriksson et al. 2014a) . The deviations from the results of our study can be explained by the simulation method, discussed above, with regard to solid volume and payload in road based transport. In our study, ground and pre-ground stumps were transported with semi-trailer units having a lower cargo volume than do conventional chip-truck-trailer units, which were employed in the study of Eriksson et al. (2014a) . In addition, transporting split stumps by truck was considered to be a cleaning method in our study (cf. Palander et al. 2011 ), whereas Erikson et al. (2014a 2014b) assumed an equal or even greater ash content for stumps ground at the end-use facility relative to a supply chain based on direct grinding to an acceptable level at the landing.
The results of this highlighted the need to improve stump fuel quality and increase the heating value. In addition, the dislocation of impurities and ash from the plant cause remarkable costs, but that was neglected in this study. Based on the results of previous studies, it can be assumed that careful lifting has an influence on the ash content and heating value. Moreover, the number of different work phases in the stump processing chain has the same influence. However, the fuel is required during the late fall and winter months, when the contaminant can be firmly attached to the wood leading to high ash content. Pre-grinding and integrated screening make a feasible way to guarantee the fuel quality, expressed as ash content, already at roadside landings, but the procurement costs are higher compared to grinding stumps at the plant when the ash content of ground stumps is 6% or less.
There is a need to develop logistical models for procurement and storage, because supply and demand for fuels is often diachronic, and screening of stump wood is more effective when material is unfrozen (Laitila and Nuutinen 2015) . In order to guarantee a reliable supply of fuels from roadside landings during the cold season and year-round utilization of mobile grinding machinery, there is an obvious need to store ground stump wood in buffer stacks at terminals and plants at least a few weeks before combustion (Laitila et al. 2010a ). Pre-ground stumps have been found to be tolerant wood material for buffer storing, and the main reasons for the observed unresponsiveness of heat generation were that the produced hog fuel was coarse, fines had been sieved away, and wood material was dry (Laitila and Nuutinen 2015) .
The stumpage price and subsidies for thinning wood were excluded from this study, which must be taken into account when making further analyses about the prices of forest fuels at the plant (Ahtikoski et al. 2008; Laitila 2012; Petty and Kärhä 2011) . In the present study, the whole potential was treated as an integral entity, despite the organizational territories of procurement organizations. In practice, potential calculations are made separately for each forest company or alliance. This will significantly decrease the potential at the plant level and will increase procurement costs because of the need for a larger procurement area to satisfy demand. Furthermore, the estimated potential did not take into account the consumption of forest chips by existing plants. It must also kept in mind that most of the larger plants use the mix of fuels and forest chips as only one component. The optimal share of fuel in the mix also depends on the availability and price of other fuels. In addition, the contaminant content of stumps might limit the share of stump wood in the fuel mix of power and heating plants, if the fuel quality is not guaranteed properly.
